Mutations in the gene defective in Fanconi anemia complementation group C, FAC , are responsible for a subset of Fanconi anemia, a group of autosomal recessive disorders characterized by chromosomal instability, hypersensitivity to cross-linking agents, and cancer susceptibility. Although abnormalities in DNA repair have been suspected, localization of the FAC gene product to the cytoplasm has cast doubt on such a mechanism. Monitoring of interstrand DNA cross-linking shows that the predominant defect in group C cells is in the initial induction of cross-links, not in repair synthesis. Both the cross-linking defect and the enhanced cytotoxicity of cross-linkers on Fanconi anemia group C cells are corrected completely by cytoplasmic isoforms of the FAC protein, but not by an isoform targeted to the nucleus. The ability of FAC to correct these phenotypic abnormalities reaches a maximum threshold despite overexpression leading to higher levels of cytosolic protein. These results demonstrate that cytoplasmic localization is essential for the intracellular activity of the FAC protein. It is proposed that this activity is coupled to a cytoplasmic defense mechanism against a specific class of genotoxic agents. ( J. Clin. Invest.
Introduction
Fanconi anemia (FA) 1 is an autosomal recessive disorder characterized by a wide array of congenital anomalies, bone marrow failure, and predisposition to cancer (1) (2) (3) (4) . The major cellular hallmark of FA is spontaneous chromosomal breakage accentuated by treatment with bifunctional alkylating agents (cross-linkers), such as mitomycin C (MMC) and diepoxybutane (DEB; 4, 5) . The clinical phenotype is variable and may result in part from the presence of at least five genetic complementation groups (6) (7) (8) . Together this group of disorders represents the most frequent cause of inherited aplastic anemia and an important cause of childhood leukemia (4, 9) .
Using an expression cloning strategy, the FAC gene defective in FA complementation group C cells (FA-C) was isolated by virtue of its ability to suppress the cytotoxicity of cross-linkers (10) . The human gene encodes a polypeptide of 558 amino acids with a molecular mass of 60 kD, which is identical at 65% of the residues to the murine homolog (11) . FAC corrects both the cross-linker-induced cytotoxicity (10, 12, 13) and chromosomal fragility (14, 15) of FA-C cells, and a variety of intragenic mutations (10, (16) (17) (18) (19) that can presumably inactivate the function of the protein have been described. The ubiquitous expression of the gene, its conservation in evolution, and the phenotypic consequences of its deficiency point toward an important role in development. However, the precise physiological function of FAC has remained elusive.
Although the dual features of genomic instability and cancer susceptibility have raised the specter of an abnormality in DNA repair (20) , the fundamental biochemical defect of FA has not yet been elucidated. Because of the increased susceptibility of FA cells to bifunctional alkylating agents relative to monofunctional ones, interstrand cross-linking of DNA is thought to contribute to the pathogenesis of FA (4) . These lesions could interfere with progression of the replication fork and impart a cascade of deleterious effects on chromosome integrity, RNA and protein synthesis, and cell viability. The nucleotide excision pathway is most likely involved in the repair of such lesions. Included in this pathway are nuclear enzymes that can recognize and excise damaged DNA and fill in gaps by repair replication and ligation (21) . A number of these enzymes also form integral components of the transcription initiation complex (22) (23) (24) (25) , and defects in this pathway can cause the related chromosomal instability syndrome xeroderma pigmentosum. While it is possible that similar defects could also account for the pathogenesis of some subsets of FA, several recent observations have made it difficult to implicate deficiencies of DNA repair in FA-C cells. In particular, the absence of a bona fide nuclear localization signal (NLS) in FAC (26, 27) and the recent demonstration that the protein localizes primarily to the cytoplasm of mammalian cells (12, 13, 28) have cast doubt on a direct role in DNA repair. However, this possibility could not be precluded for at least two reasons: first, a small functional pool of FAC could remain in the nucleus but escape detection with the available immunological reagents; and second, the spatial location of FAC may be dictated by the physiological state of the cell.
The availability of FAC cDNA has made it possible to analyze the turnover of interstrand cross-links in FA-C cells before and after complementation. In this study, it is demonstrated that the only competent forms of FAC that can rescue FA-C cells from the toxicity of cross-linkers are cytoplasmic, while a nuclear form is incompetent. Furthermore, the major molecular defect in FA-C cells precedes cross-link repair. The ability of FAC to impart resistance to FA-C cells reaches a threshold. These observations lead to a proposed cellular defense pathway for genotoxic agents in which FAC acts through a cytoplasmic compartment and at a proximal step within this pathway.
Methods
Cell culture. EBV-transformed human lymphoblastoid cell lines were maintained in RPMI 1640 (GIBCO BRL, Grand Island, NY) and 15% FCS. Nonlymphoblastoid cells were grown in Dulbecco's modified essential medium (DMEM) and 10% FCS. Sera were heatinactivated before use. Cells were grown at 37 Њ C in a humidified atmosphere containing 5% CO 2 .
Construction and mutagenesis of FAC constructs. The isolation of a mammalian expression vector containing the 4.5-kb full-length FAC cDNA (called DRA-FAC; 13) in the expression vector DRA-CD (29) and construction of the NLS-FAC in the vector pcDNA1 (28) have been described previously. To generate the mutNLS-FAC construct, the pcDNA-NLS/FAC construct (28) was used as a template for amplifying a 356-bp fragment by using the PCR. The sequence of the 5 Ј PCR primer (5 Ј -CGC-GTC-GAC-AAG-ATG-CCA-AAA-ACG-AAG-AGA) was modified to result in the substitution of threonine for lysine at codon 128 (underlined) in the native Simian Virus 40 large T antigen NLS, PKKKRKVD (30) . The primer also included a methionine initiation codon and an artificial SalI site for subcloning. The 17-mer 3 Ј PCR primer (5 Ј -CCA-GAA-TTC-TGT-GGT-TC) corresponded to nucleotides 317-301 of the coding region of FAC (10) . After sequencing to ensure the introduction of the desired substitution, the PCR fragment was digested with SalI and EcoRI and substituted for the corresponding wild-type fragment in DRA-FAC. For expression in COS-1 cells, the FAC isoforms were also cloned in pED6 (gift of R. Wise, Brigham and Women's Hospital, Boston, MA).
Electroporation and selection of FA lymphoblasts. EBV-transformed human lymphoblastoid cells were transfected with FAC constructs cloned in DRA-CD by electroporation, as described previously (13) . After 48 h, viable cells were isolated by centrifugation over a cushion of Nycodenz (Nycomed Pharmaceuticals, Olso, Norway), the interface containing live cells was washed twice with RPMI, and the percentage of live cells was estimated by trypan blue staining. For rapid enrichment of transfected cells, the ability of DRA-CD to encode the human T cell surface antigen CD4 was exploited. Before incubation with the transfected cells, the anti-CD4 IOT4a mAb (AMAC Inc., Westbrook, ME) was bound to magnetic beads coupled to goat antimouse IgG (Advanced Magnetics, Cambridge, MA). Approximately 1-2 ϫ 10 7 viable cells resuspended in 100 l RPMI were incubated with 40 l slurry (80% vol/vol) of immunomagnetic beads for 30 min and isolated by passage over a magnet. After incubation in complete medium for 4-16 h, aliquots were selected further in hygromycin B (Boehringer Mannheim Biochemicals, Indianapolis, IN) beginning at an initial dose of 125 g/ml and increasing to 200 g/ml. After 2 wk, viable hygromycin-resistant cells were obtained by centrifugation over a Nycodenz cushion.
Denaturation-renaturation assay. To assess the induction of interstrand cross-links, cells were treated with a range of MMC concentrations (up to 10 g/ml) for 1 h, and purified genomic DNA was analyzed by the denaturation-renaturation gel electrophoresis (DRGE) assay, as described previously (31) (32) (33) . Briefly, high molecular weight genomic DNA prepared as described previously (34) was digested with SacI, extracted successively with buffered phenol and chloroform, and precipitated with ethanol. The DNA pellet was resuspended in 10 mM Tris-HCl, 25 mM EDTA, pH 8.0, to a final concentration of 1 g/ µ l. In parallel, 5-g aliquots of DNA were electrophoresed either in their native forms or after denaturation with 0.2 N NaOH at 55 Њ C for 10 min. To allow for the rapid renaturation of covalently cross-linked DNA, denatured samples were chilled briefly on ice before electrophoresis on 0.8% agarose gels in a buffer of 40 mM Tris-phosphate 2 mM EDTA, pH 8.0. DNA was transferred to Biotrans nylon membranes (ICN Biomedicals Inc., Irvine, CA), and a 32 P-labeled 1.1-kb fragment of the 28S human rRNA gene (35) was used to probe the blots. Under these conditions singlestranded DNA migrates at 2 kb, while double-stranded DNA migrates at 9 kb. For analysis of the repair of DNA cross-links, cells exposed to MMC for 1 h were washed twice with RPMI, resuspended in complete medium, and incubated in RPMI supplemented with 15% FBS. After 24 or 48 h, viable cells were harvested over a Nycodenz cushion and analyzed by the DRGE assay. The latter step differed from previous protocols (31) (32) (33) by the omission of bromodeoxyuridine during the repair phase; instead, only viable cells obtained by Nycodenz centrifugation were analyzed. The absence of bromodeoxyuridine appeared to improve the digestion of DNA with SacI and yielded sharper band images on autoradiography. The intensity of radioactivity in the 9-kb band was assessed by PhosphorImaging, and the intensity in denatured samples relative to their counterparts in nondenatured samples was taken to reflect the degree of covalent interstrand cross-linking.
Transfection and immunofluorescence microscopy. COS-1 cells were grown to ‫ف‬ 50% confluence in 10-cm dishes containing DMEM-10% heat-inactivated calf serum. Plasmid DNA was resuspended to a final concentration of 1 g/ml in 4 ml of DMEM-10% newborn calf serum and containing 400 g/ml of DEAE-dextran and 100 M chloroquine diphosphate. 16 h after transfection cells were detached with trypsin and replated on sterile glass coverslips. 3 d after transfection cells were washed twice in PBS, 1% BSA, fixed in 3.5% paraformaldehyde, and incubated sequentially with an affinity-purified polyclonal antiserum raised against a recombinant fusion protein encoding glutathione S -transferase at the amino terminus and FAC (amino acids 6 to 558) at the carboxy terminus, as described previously (13, 28) and fluorescein-conjugated goat anti-rabbit IgG (Cappel Laboratories, West Chester, PA).
Metabolic labeling and immunoprecipitation. Cells were metabolically labeled with Expre 35 S
35
S label (0.2 mCi/ml; DuPont, Wilmington, DE) for 1 h in cysteine-and methionine-deficient DMEM. Cell pellets were washed with PBS and lysed in a buffer containing 20 mM Tris, pH 8.0, 50 mM NaCl, 0.5% deoxycholate, 1% NP-40 and a cocktail of protease inhibitors. The postnuclear supernatant was incubated with anti-FAC antibody for 16 h at 4 Њ C, followed by immunoprecipitation of the immunocomplexes with protein A-agarose beads for 2 h (Bio-Rad Laboratories, Richmond, CA). The unbound supernatant was subjected to a second round of immunoprecipitation to maximize the recovery of the antigen. The combined immunocomplexes were washed three times with NET-gel buffer (34) , boiled in 1 ϫ Laemmli buffer in the presence of 100 mM dithiothreitol, and analyzed by denaturing 10% SDS-PAGE and autoradiography.
Determination of cell survival and doubling time. Cell survival in response to DEB (Aldrich Chemical Co., Milwaukee, WI) was performed by incubation of 10 4 viable cells with different concentrations of DEB for 4 d and counting by trypan blue exclusion. The dose of DEB required to reduce the cell viability to 50% of control levels (EC50) was derived from cytotoxicity curves. Each experiment was performed at least in triplicate. For the measurements of doubling times, 10 4 viable cells were plated within 24 h of transfection, and the cell number was determined after 48 h of growth in complete medium in the presence or absence of MMC.
Results

Subcellular targeting of FAC constructs.
To evaluate the effect of the subcellular milieu on the function of FAC, a series of constructs were generated in mammalian expression vectors that would allow the forced targeting of FAC to the cytoplasm or the nucleus (Fig. 1 A ) . A previous transient expression study showed that the placement of a heterologous NLS at the amino-terminal region of FAC directed the chimeric protein to the nuclei of transfected COS cells (28) . The NLS-FAC construct contains the minimal NLS of the Simian Virus 40 large T antigen at the amino terminus of FAC. MutNLS-FAC differs from NLS-FAC by the substitution of a threonine residue for lysine at the third position of the minimal NLS; this mutation has been shown previously to abolish nuclear localization (30) . The efficiency of transfection of COS-1 cells was ‫ف‬ 30%, and for each transfected construct 100 fluorescent cells were counted to assess the subcellular localization of the exogenous FAC protein. Transfection with wild-type FAC or mutNLS-FAC and incubation of permeabilized cells with anti-FAC antibody showed a cytoplasmic pattern in virtually all positive cells, while the expression of NLS-FAC showed localization to nuclei in Ͼ 95% of positive cells (Fig. 1 B ) , and both nuclear and variable degrees of cytoplasmic staining in the remainder. The localization of these constructs by indirect immunofluorescence in three different FA-C lymphoblastoid cell lines was similar to that in COS-1 cells, although the small size of lymphoblastoid cells and the greater background staining partially obscured these differences (Table I ; data not shown).
Correction of cytotoxicity by cytoplasmic isoforms. The ability of FAC to correct the hypersensitivity of FA-C cells to cross-linkers was assayed in three lymphoblastoid cell lines containing different FAC mutations. These cells were also chosen for their comparable and relatively rapid rates of growth (Table II) . The GM4510 cells are homozygous for the IVS-4 mutation in the FAC gene (17) . We have previously demonstrated that these cells are hypersensitive to cross-linkerinduced cytotoxicity and can be complemented with FAC constructs (13) . After electroporation with DRA-CD-based vectors (29), cells were subjected to a single round of selection for surface CD4 expression, followed by growth in different concentrations of DEB for 4 d. As expected, FAC expression corrected the hypersensitivity of GM4510 cells to DEB-induced cytotoxicity (Table I ). The degree of correction was comparable to the DEB sensitivity of non-FA cells or to FA-C cells complemented with wild-type FAC, as observed previously (7, 10) . By contrast, there was no significant correction of cytotoxicity in cells transfected with either the control DRA-CD plasmid or with NLS-FAC. However, mutNLS-FAC restored the intracellular activity of FAC and corrected the DEB-induced cytotoxicity. The expression of these isoforms in two other FA-C cell lines (10, 18) yielded very similar results (Table I) . To exclude a generalized toxic effect of NLS-FAC or, conversely, a growth advantage for the cytoplasmic isoforms that might account for the discrepancy, the doubling times of transfected FA-C cells were measured within 24 h of surface CD4 selection. As no significant differences were noted in the doubling times (Table II) , such effects are unlikely to explain the lack of competence of the nuclear isoform. These results demonstrate that the cytoplasmic location of FAC is essential for its ability to ameliorate cross-linker-induced cytotoxicity of FA-C cells.
Regulated levels of FAC. The modulation of cross-linker toxicity by FAC may be a direct function of its intracellular level. Alternatively, FAC could work either indirectly or through associations with accessory proteins, whereby the rate-limiting step may be independent of its level and determined instead by other factors. The ability to manipulate the intracellular levels of FAC could distinguish between these two models. To generate cells that express different levels of FAC, advantage was taken of the dual selection scheme of DRA-CD, and the expression of FAC was compared in pairs of FA-C cells selected either solely for surface CD4 expression or additionally for resistance to hygromycin B. CD4-selected cells expressed low levels of FAC as assessed by metabolic labeling and quantitative immunoprecipitation (Fig. 2) . In our experience, these levels are roughly comparable to the low levels of wild-type FAC in non-FA-C cells. By contrast, the expression of FAC in hygromycin-resistant cells was induced at least fourfold as compared to CD4-selected cells (Fig. 2) . Preimmune antisera failed to show the 60-kD FAC band (data not shown). Although the hypersensitivity of all three FA-C cell lines to DEB-induced cytotoxicity was corrected to normal levels by either low or high levels of FAC expression (Table I) , the degree of correction was no greater in cells expressing higher levels of FAC protein than in their counterparts expressing lower levels. These data demonstrate that the correc- tion of cross-linker-induced cytotoxicity reaches a threshold despite increasing intracellular levels of FAC.
Defective induction of interstrand cross-links. To elucidate the role of FAC in the regulation of DNA cross-linking, the "denaturation-renaturation gel electrophoresis" assay (DRGE; 31-33) was used to quantitate the induction and repair of interstrand cross-links in transfected FA-C cells. After a brief exposure to MMC, the accumulation of genomic interstrand crosslinks in these cells was assessed by the relative resistance of the 28S rRNA gene to alkaline denaturation. Fully denatured single-stranded DNA migrates at 2 kb, while cross-linked doublestranded DNA migrates at 9 kb. Thus, the proportion of radiolabel in the 9-kb band in alkali-denatured samples reflects the degree of covalent interstrand cross-linking. Preliminary experiments partially confirmed previously described studies on the dose-response relationship of MMC (32, 33) that the formation of interstrand cross-links is a linear function of the dose of MMC in the range 0.1-3 g/ml in non-FA lymphoblasts, HL60 and 293 cells (data not shown). However, in the present study the linearity was lost at higher doses and cell viability decreased significantly (Table II) . Hence, doses of cross-linkers that did not perturb the cell doubling times were chosen for further analysis. In GM4510 cells transfected with DRA-CD, the induction of interstrand cross-links was readily apparent after exposure to MMC of 0.1 g/ml for 1 h (Fig. 3) . By contrast, significantly higher doses of MMC were required to generate equivalent amounts of cross-linked DNA in FACcomplemented cells as judged by the intensity of the 9-kb double-stranded band. Moreover, no significant differences were noted between low-and high-expressing cells. The dose of MMC required to generate cross-linked DNA in FACcomplemented GM4510 cells was comparable to that observed in non-FA lymphoblasts, HL60, and 293 cells (data not shown). Similar results were also obtained with HSC536 and RA568 cells transfected with DRA-FAC (Fig. 4) . These results demonstrate that FA-C cells are profoundly sensitive to interstrand DNA cross-linking induced by MMC, which is corrected completely by complementation with low levels of wildtype FAC.
FA-C cells transfected with either NLS-FAC or mutNLS-FAC and selected for surface CD4 expression were also analyzed by the DRGE assay. Because a dose of 0.1 g/ml MMC was discriminatory (Fig. 3) , cells transfected with different isoforms of FAC were compared by DRGE after exposure to 0.1 g/ml MMC for 1 h. While NLS-FAC failed to correct the cross-linking defect in these cells, mutNLS-FAC corrected the defect in all three cell lines to about the same degree as wildtype FAC (Fig. 4) . These results demonstrate that the cytoplasmic location of FAC is also necessary for the correction of the interstrand cross-linking defect induced by MMC.
To investigate the efficiency of interstrand cross-link repair, mock-and FAC-transfected cells were treated with different doses of MMC for 1 h before repair to obtain similar levels of initial cross-link damage. Cells were subsequently allowed to incubate in MMC-free media, and the level of interstrand DNA cross-linking assessed by DRGE after 24 and 48 h. In GM4510 cells, there were no significant differences in the rate of interstrand cross-link repair between vector-or FAC-transfected cells (Fig. 5) . The efficiency of repair in these cells was also comparable to the repair rates in non-FA lymphoblastoid cells as well as HL60 and 293 cells (data not shown). Similarly, there were no deficiencies in the repair of MMC-induced cross-links in HSC536 and RA568 cells transfected with DRA-CD, and complementation with FAC caused no further detectable changes in the rates of repair (data not shown). These results demonstrate that the rate of MMCinduced cross-link repair in FA-C cells is comparable to non-FA cells and is not affected by wild-type FAC expression.
Discussion
Based on the cellular and chromosomal aberrations of FA (1-5), it would be reasonable to suggest that a pathway dedicated to the maintenance of genomic stability but vulnerable to cross-linkers is deficient in FA. The fundamental biochemical mechanism responsible for cross-linker hypersensitivity, however, has remained controversial. Whereas deficient removal of cross-link adducts from cellular DNA was noted in some studies (32, 36, 37) , other studies using different cell lines failed to demonstrate such a relationship (33, 38, 39) . Some of this discrepancy may have resulted from the wide genetic heterogeneity of FA that has been appreciated more recently (6) (7) (8) . However, even within defined complementation groups and clonal cell lines, the intrinsic genetic instability of FA and the possibility of acquiring additional mutations with progressive cell divisions might result in unexpected phenotypic changes that could limit the power of such studies. The ability to complement putative repair-deficient cells and attempt to correct the defective phenotype can obviate those pitfalls. Using this strategy, the present data demonstrate that FAC works through a cytoplasmic compartment(s) to regulate a biochemical step that precedes the repair of interstrand cross-links. In this sense, the prerepair step represents a proximal function within this pathway, which is regulated by FAC.
Two aspects of this analysis should be viewed with caution. First, it is possible that the assessment of interstrand cross-linking within the rRNA gene complex may not be an accurate reflection of a general susceptibility of the whole genome to cross-linker-induced toxicity. While the detection of interstrand cross-links in the DRGE assay is clearly enhanced with the use of probes for the highly repetitive rRNA genes, the transcriptional activity of those genes and perhaps their spatial location within "nucleolar organizer regions" could render them particularly susceptible to such lesions by facilitating access to cross-linkers (40) . Thus, it is possible that other regions in the nuclear chromatin have different degrees of susceptibility to cross-linkers. Second, it is also conceivable that crosslinkers could target macromolecules other than DNA, which in turn can contribute to the pathogenesis of FA. In this light, the modulation of interstrand cross-links within the rRNA gene locus is best viewed as an analytical target rather than as a critical pathogenetic target in FA.
The prerepair defect characterized in this study may be unique to FA-C cells and not shared by other FA complementation groups. Although these groups are related to each other by their overall clinical features and hypersensitivity to crosslinkers, whether or not they also share fundamental biochemical defects is presently unknown. In FA-A cells, an abnormality in a damage recognition protein involved in the initial incision step of the nucleotide excision pathway has been demonstrated (41) . This intriguing observation coupled with earlier studies implicating repair defects in FA-A cells suggests that the FA phenotype could result from deficiencies of a number of distinct biochemical pathways, at least with respect to FA-A and FA-C. However, until the remaining FA genes are cloned and the molecular function of their protein products understood, the biochemical relationship among the different complementation groups will remain uncertain. While necessarily speculative, one attractive possibility for the function of FAC might be as a "sensor" for a specific class of genotoxic agents. Consistent with this model are the subcellular location of FAC, the critical dependence of its intracellular function on correct cytoplasmic localization, and the prerepair defect of FA-C cells that leads to a higher degree of permissiveness for interstrand DNA cross-links. However, another possibility is that FAC is an "effector" (e.g., an enzyme involved in the catabolism of genotoxic agents). Although the present data cannot distinguish between these two models, the lack of induction in the level of FAC under a variety of conditions (42; data not shown) and the threshold effect seen in this study lend some support to the sensor model. If it is assumed that the effectors responsible for the rate-limiting effect are located downstream of FAC, it may be predicted that their overexpression would lead to a greater degree of cellular resistance to cross-linkers. There are other possible explanations for the threshold effect. For example, the function of FAC may be regulated by an interaction with accessory proteins (13) , and the relative levels of these proteins could establish the ratelimiting effect. A priori, these proteins could constitute part of the sensory or the effector arm of this hypothetical organization.
A number of elegant mechanisms exist for the subcellular targeting of proteins. Although NLS motifs are frequently required for protein targeting to the nucleus (26, 27) , it has become increasingly clear that alternative mechanisms also exist for nuclear transport. One mechanism for nuclear entry of smaller proteins is by passive diffusion. For example, the product of the XPAC gene defective in xeroderma pigmentosum complementation group A contains both a NLS located in exon 1 of the gene as well as a zinc finger motif. Deletion of the NLS showed that it was not essential for the activity of the protein (43). This surprising result was thought to be due to passive diffusion of the relatively small ( ‫ف‬ 31 kD) deletion mutant into the nucleus. In the case of FAC, both the large size of the wild-type protein and the forced nuclear targeting of a chimeric protein argue strongly that its biological activity is mediated through a cytoplasmic compartment. A second mechanism is by "piggyback transport" with other proteins that are destined for the nucleus. This is achieved through protein-protein interactions, and examples include the adenovirus-encoded DNA polymerase (44) and a pancreatic transcription factor (45) . The identification of a novel glycine-rich targeting motif in the heterogeneous nuclear ribonucleoprotein represents yet another specific mechanism for nuclear transport (46) . The latter motif is not present in FAC (Youssoufian, H., personal observation). Conversely, nuclear trafficking can also be effected by the presence of specific nuclear export mechanisms that may use short hydrophobic signals (47, 48) ; such motifs are also absent from FAC (Youssoufian, H., personal observation). The strategy of forced subcellular targeting used in this study may be an efficient way to correlate the intracellular function of a protein with its physical localization in specific subcellular compartments, and it may be extended to other proteins involved in chromosomal instability syndromes whose function is currently uncertain (49) .
The present results may have implications for the clinical efficacy of certain chemotherapeutic agents. The threshold effect suggests that selective overexpression of FAC in nonmalignant cells is not likely to protect them from the cytotoxicity of cross-linkers. Alternatively, a novel strategy to enhance the efficacy of cross-linkers in tumor cells may be achieved through the forced direction of FAC to the nucleus -perhaps through appropriate piggyback carriers -which could sensitize these cells to the cytotoxic properties of such agents.
